Bone plates for the fixation of complex fractures in proximity to joints often have to be reshaped to follow the bone contour. Good adhesion of the screws in areas where the bone is osteoporotic is also a challenge. One possible solution to these issues is to tailor-make plates by creating a digital three-dimensional model of the fracture from a computed tomography (CT) scan, digitally reducing the fracture, designing a plate, and finally manufacturing it directly from the digital model with solid free-form fabrication (SFF) technology. This study designs a custom plate for a distal tibia fracture, and investigates and refines the procedure from the CT scan to the final implant, with the aim of making it usable in trauma orthopaedics. The bone plate is manufactured using electron beam melting (EBM) technology. The challenges of bone plate design using digitalization and SFF are discussed. The virtual models created by the engineer while digitally reducing the fracture and modeling the plate are valuable for the physician while planning the surgery. A combination of surgery planning and digital plate design improves the surgeon's preparations and ensures correspondence between the plan and the designed implant. The proposed procedure, with the approximate required time in brackets, includes the separation of bone in the DICOM file (60 min), the reduction of fracture (5-30 min), revision (30 min), modelling of the plate (30-120 min), confirmation (30 min), manufacturing with SFF (10 h), post-processing (60 min), and finally cleaning and sterilization (90 min). The whole procedure requires about three working days.
Introduction
There are many advantages to custom designing bone plates for complex fractures. There is no need to reshape the plate to suit the fracture, the screws can be optimally located, and it is even possible to optimize the flexibility of the plate. With today's technology, one can create a three-dimensional (3D) model of the fractured bone from a computed tomography (CT) scan, reduce the fracture, design the bone plate digitally, and finally manufacture it with solid free-form fabrication (SFF). However, SFF technology has not been adopted by many physicians outside of the research community due to its relatively high cost. Other reasons are that few physicians do know about the possibilities and there are no clear procedures on how to practically introduce the technology. Rapid prototyping (RP) and reverse engineering have proven to be useful for customizing implants, but these indirect methods have many steps in the production chain (i.e., making the RP model, cast mould, investment cast) [1] [2] [3] . For reconstructive surgery to the maxillofacial area, the manufacturing process has been shortened by using SFF in metal [4] . However, to make it suitable for trauma surgery, the procedure from the CT scan to the final implant needs to be refined, shortened, and made cost-effective. Greater focus on the cooperation between the surgeon and the engineer also helps to shorten the procedure and make the technology more user-friendly for the surgeon. In [5] , a haptic free-form modeling system was used to improve the cooperation between the medical expert and the computer-aided design (CAD) operator. Various SFF technologies have been used to fabricate fully dense biocompatible metal components [6, 7] . The present study uses an electron beam melting (EBM) system (ARCAM AB, Sweden).
This study focuses on bone plates for complex fractures, which are difficult to fixate with conventional methods due to osteoporosis, the shape of the anatomy, and the type of fracture. In low-density osteoporotic (OP) bone, the screw angles greatly affect the strength of attachment [8] . The locations of the screws are also important; the load should be spread and the strongest parts of the bone should support the screws. Pre-bent plates are commercially available for most types of fracture close to joints. However, in some cases, the surgeon has to change the shape of the plate during surgery. Therefore, surgery time can be decreased and patient safety increased by using customized implants. Examples from mandible surgery were presented in [9, 10] . Fractures in proximity to joints are often associated with damage to the soft tissue, and thus surgery in these cases is postponed seven to ten days [11] . This time frame can be used to design and manufacture a suitable implant.
In the present study, a bone plate for a distal tibia fracture was designed and manufactured with support from orthopaedic surgeons and a researcher in the orthopaedics department. The purpose was to determine what can be accomplished using current technology, and what requires more development. The challenges of designing a plate using CAD and SFF are also discussed.
Materials and methods

Case study
A distal tibia fracture was operated on at Ö stersund hospital in June, 2008. A pre-bent locking compression plate (LCP) system distal tibia plate (Synthes, Switzerland) was used to correct the fracture. The CT scan of the fracture taken before the operation was used as the basis for modeling and manufacturing a customized bone plate with SFF. Several software packages were compared during the production steps. The orthopaedic surgeons and engineers cooperated to find a procedure for customized production.
Digital data acquisition
The CT image acquisition was performed using a LightSpeed Pro16 system (GE Medical Systems). The images were reconstructed from raw data using a slice thickness of 1.2 mm and a 512 × 512 image matrix resolution with a standard algorithm. The CT scan was stored in PACS (picture archiving and communication system) and anonymised. At the radiotherapy department, a 3D model of the tibia was reconstructed utilizing GE Advanced Workstation 4.4 (GE Medical Systems). The Digital Imaging and Communications in Medicine (DICOM) images were segmented using a dynamic region growing technique with Hounsfield values of 102 and above. The model was then sliced into 0.89-mm reconstruction intervals; the data were burned onto a CD and later delivered to the Department of Engineering and Sustainable Development, Mid Sweden University.
A prerequisite for the virtual modeling of a customized plate is a digital 3D model in a format compatible with commercial CAD software (such as STEP, IGES). Reconstruction software used by hospitals does not support the STL format, which is commonly used for free-form fabrication. This format approximates a surface by dividing it into a set of triangular elements, creating a mesh. STL is a universal format in the computer-aided engineering industry. In order to create a digital 3D model that is suitable for virtual modeling and SFF, the images prepared by the radiotherapy department were imported into Mimics 12.11 software (Materialise, Belgium). The 3D model was then exported into the STL format.
Digital reduction of the fracture
A number of software packages are available for use with STL bone models. Touching bone fractions in a model are represented as one entity in the software. In order to move these fractions to their correct positions, they must be first separated. For this purpose, two software packages were compared, namely Rhinoceros 4.0 (McNeal North America, USA), which is normally used for design and product development, and MIMICS 12.11 (Materialise, Belgium), which was developed for working with STL files and files for RP and rapid manufacturing (RM). Both are feasible for the separation and repositioning of fractions, but the operations are performed in different ways.
In Rhinoceros, the separation is done manually, by extracting mesh faces increasingly closer to the actual fractured edge, putting them in a new layer, and finally joining the pieces into a new part. In MIMICS, there is a command for separating bone fragments, where the user marks the piece to be separated in a number of slices throughout the thickness of the part. The markings are later interpolated. Boolean operations are then used to get other fractions. In both software packages, the parts were moved to their new positions with ordinary CAD move and rotate commands. For the separation of bone fractions, MIMICS was a bit faster to use for an engineer with no previous experience of this kind. The operation of moving the separated fractions were done similarly in the two software. In this study, the bone fractions were separated and positioned by the engineer using common sense about how the fractions should be oriented to obtain a bone model with smooth contours and gaps that were as small as possible. Later, a meeting with the orthopaedic surgeon was arranged to make adjustments and to confirm the accuracy of the repositioning. Very small changes were needed. Figure 1 shows the fracture of the tibia as modeled from the DICOM images, the separated parts, and finally the reduced bone model with pre-planned screws. 
Modeling of customized plate
The reduced digital bone model, in STL format (mesh), was used as the basis for modeling a bone plate for the fracture.
A tactile plastic model of the reduced bone was manufactured with a Prodigy Plus machine (Stratasys Inc, USA). The orthopaedist drew the shape of the plate and screw holes on the model. In the proposed procedure, described in the results chapter, this step will be done in the digital model without the need for a RP model. Three software packages were compared for the design of the bone plate (Figs. 2(a-c) Rhinoceros allows mesh files to be used ( Fig. 2(b) ). The STL file of the repositioned bone was used as the basis for modeling the plate. The part of the mesh where the plate was supposed to be positioned was extracted from the model. Gaps and irregularities were smoothed with Meshlab software (Visual Computing Lab ISTI -CNR). An outline curve of the new plate was drawn and the mesh surface was split by that curve. A new patching surface was created on the mesh and was later given an offset to create the thickness of the plate. Rhinoceros provided the most freedom in modeling the plate, but it was the most time-consuming and least user-friendly. Solid Works does not allow mesh files to be used but the STL file of the bone was imported as a reference model ( Fig. 2(c) ). The design started out with a 2D sketch of the outline contours of the plate, which was extruded to the right thickness. The "flex" command was then used in four operations to twist and bend the plate to a shape that followed the reference model. When the plate was finished, the file was exported into the STL format. The procedure was fast, but a little more difficult to get the optimal fit of the plate, since the bone model was only a reference with no possibilities to attach the plate geometry to. It was easy to change the design afterwards when needed. In 3-Matic, the STL format was used for the whole design phase ( Fig. 2(a) ). Gaps and irregularities in the mesh of the repositioned bone were smoothed and then a flat sketch of the plate outline was drawn and projected onto the surface. The projected curve and the smoothed mesh were used to define the shape of the plate, which was then given a thickness. This created a plate with an exact fit, but with an uneven surface that follows the bone structure. 3-Matic was the fastest and easiest to use, but also the most limited when it came to changing the design and modeling of extra details. Universal file formats (IGES, STEP) can be used to combine 3-Matic with other CAD software. In all three cases, the screws were positioned in the best locations and at the best angles, and then used for making Boolean cut operations in the plates (Fig. 2(d) ). 
Plate fabrication with electron beam melting
Earlier studies have shown that EBM technology is suitable for manufacturing custom-designed implants [12] . The material processed with EBM technology has been thoroughly investigated and proven to have adequate chemical and mechanical properties for use in orthopaedic implants [13] [14] [15] [16] [17] [18] . A 3-point bending test showed that EBM-manufactured bone plates were stronger than commercial ones [19] . The same study also found that the thin-walled geometries gets a finer microstructure than that of bulky components due to more rapid cooling [19] .
ARCAM A2 (ARCAM AB, Sweden), used in this study, has two build tanks, with sizes of 250 × 250 × 400 and 350 × 350 × 250 mm 3 , respectively, which makes it possible to manufacture many components with totally different geometry in a given build. The machinery is kept in a high vacuum and an electron beam melts consecutive layers of the metal powder, in this case Ti-6Al-4V ELI. Each layer is 0.1 mm thick. When a layer is finished, the build table is lowered and a new layer of powder is raked over the build. When the build is finished, the parts are surrounded by powder. The parts are left in the machine to cool down for some time, depending on the size of the build. When cooled, the parts are moved to a special blast chamber, a powder recovery system, where excess powder is removed. All the excess powder is later sifted and reused. Details of the technology behind the EBM machine can be found elsewhere [20] . The file was prepared for the machine using Magics 13.0 (Materialize) for the orientation and generation of the support material necessary for support and heat transfer from the part. The build orientation is shown in Fig. 3 . The direction is chosen to maintain the height of the build, thus keeping build time low. A small downward-facing surface is used to minimize the need for support material. The build plate was 210 × 210 mm 2 . For optimal efficiency, the bone plate was manufactured along with a number of other parts. As long as the parts are about the same height, the number of parts does not greatly affect manufacturing time. Earlier studies have shown that manufacturing time increased by about 6 % when the number of hip stem implants was increased from 7 to 14 [21] . 
Post-processing
The surface of an EBM-processed material has powder grains that became attached to the melted part during the process. This gives the surface a somewhat porous structure. To create a surface that counteracts tissue adhesion to the implant, finishing is required. A number of methods can be used to treat the surface, such as milling, turning, and grinding. One method currently being studied by the research group is electrochemical polishing. In this study, a smooth surface that does not promote the adhesion of tissue is desirable; an electrochemically polished surface seems promising. Locking plates address both secondary bone healing with bone callus formation and soft tissue preservation. These plates have threads in the screw holes and at the heads of the screws so that the screw head is locked to the plate. The plate and the screws work as a single construct element. The combination of all the screw and bone interfaces makes a strong union. The bone plate does not have to be pressed to the bone, which preserves soft tissue and facilitates better circulation under the plate. At present, the capability of the EBM process in terms of dimensional accuracy is between 0.1 and 0.2 mm. The finest surface structure that currently can be achieved by EBM is about 25 µm, and thus the process cannot be used to manufacture the threads directly. The threads for the plate are instead made by conventional methods as a post-processing operation. A possible solution for the future would be to use self-threading screws which would decrease the post-processing time. Tests for self-threading were conducted with a Synthes PLS screw with a diameter of 5 mm.
Results
Suggested procedure from CT scan to final implant
An outline of the suggested work flow was drawn (Fig. 4) based on the experiences from the case study and discussions between the engineers and the surgeons. The following procedure is suggested. (1) The radiotherapist prepares the DICOM file so that the bone tissue is separated from the soft tissue, and then sends the file to the engineer. (2) The engineer uses MIMICS software (or similar software) to create a 3D model of the fractured bone, separate the different fragments, and reposition them. (3) A web meeting is arranged between the orthopaedic surgeon and the engineer. The surgeon tells the engineer how to revise the reduction of the bone, if necessary. The engineer is also given guidelines for modeling the bone plate and the screw holes. (4) The engineer creates a digital model of the plate including the screws, according to the surgeon's guidelines and sends a file with pictures of the result to the surgeon for confirmation. Another web meeting can be arranged. If necessary, the files are revised according to the surgeon's requirements, (5) confirmed by the surgeon, and (6) manufactured by SFF. Finally, the implants are (7) postprocessed (polishing of the surfaces, threading of screw holes), and then (8) cleaned and sterilised. The time required to complete each step is: (1) 60 min, (2) 5-30 min, (3) 30 min, (4) 30 min -2 hours, (5) 30 min, (6) about 10 hours, (7) 60 min, and (8) 90 min, for a total of about 17 hours. Even with some delays and the time required for delivering parts and data, the procedure can be completed with a comfortable margin within seven to ten days, which is the amount of time that surgery is postponed for many fractures in proximity to joints.
All three methods of modeling the plates are feasible. More work is needed to establish a standard procedure which is time-effective and stable.
The EBM control software by ARCAM was used to conduct simulations for comparing the manufacturing time of one bone plate with a batch of 13 bone plates. This simulation covers the actual melting process, but not the preparation and cooling of the system. The time required for manufacturing one plate was 3 hours and 21 min, and that for 13 plates was 5 hours and 15 min (24 min per plate). It is possible to fit more plates of a given type, but 13 is the estimated number of plates that can fit in one batch if the plates have different shapes.
Plate design
There are many factors to consider when designing a plate. The plate geometry should ensure durability and the surface should counteract tissue in-growth, in case the plate has to be removed later on. In some cases it is important for the surgeon to have the choice of using locking screws in the customised plates; in the proposed procedure the threading of the holes is included in the time for post-processing. Preliminary tests on self-threading screws (Fig. 5) show that they are feasible for Ti-6Al-4V. Self-threading screws will lower costs and the time required for finishing a plate.
The downward-facing surface of conventional plates has an uneven shape to allow blood circulation. With SFF, it is possible to design any pattern for this purpose. In the present study, the proper separation was made using a spacing around every screw hole to enhance good circulation and ensure that there is enough material for making threads for locking screws (Fig. 6 ).
Quality control
The manufacturing process needs to be controlled to ensure that the material properties are consistent. Several aspects should be taken into account to ensure proper quality. One is to analyse the material content of the powder. Regular analyses have to be made, especially for Ti6Al4V ELI powder, due to the powder's ability to pick up oxygen. A part can be included in the build that is only used to control the dimensions and surface topographies. If mechanical properties are crucial to the implants, separate test specimens for mechanical analysis, e.g. bending, can be included in the build and tested after manufacturing. When the material properties are known, the endurance of the customized implant can be verified. Good results with both beam theory and finite element analysis have been reported in recent studies [4, 22, 23] . An analysis of the material content and microstructure in a sample of the manufactured parts is a relatively fast and inexpensive way of providing quality assurance in the manufacturing process. Finally, data acquisition of the process parameters used by the specific machine is important. The data can be used for screening, i.e., only approving builds with process parameters within certain specified limits, and to track the history of previous builds. In this study, quality control extended the manufacturing time by 2 hours.
Sterilization and certification of implants
There are implant manufacturers, both in the US and in Europe, that use EBM technology for serial production and for one-off production. The technology is mostly suitable for small series production. If a certain surface structure or geometry can only be manufactured, or is cheapest to manufacture, using SFF, EBM can also be used for serial production. The cleaning procedure varies with manufacturer, but ultrasonic baths with a standard cleaning solution and alcohol and successive steam sterilisation are common. Manufacturers that make just a few implants usually clean them by blasting, leaving any additional cleaning and sterilization to the hospital while serial manufacturers clean and sterilize the implants themselves. Some implant manufacturers that use EBM technology have had their manufacturing process certified by ISO and FDA.
Discussion
In the procedure described in Fig. 4 , the surgeon has to invest minimal time for planning while retaining control of the end product. This is important so that the doctor responsible for the operation can trust the final implant system. By following the process and examining the 3D files, the doctor can get a good picture of the fracture with all fragments and how they will be moved step by step. Furthermore, the surgeon can plan where the screws will be placed, both their position and angle, according to the fracture and the bone quality of the patient, which will facilitate optimal attachment in cases of osteoporosis. To implement the suggested procedure with the tools currently available, suitable software must be chosen for the web conferencing and sharing digital data.
To refine the procedure, user-friendly software, with which the surgeon can do the planning, including reducing the fracture and positioning the screws, should be developed. This preplanning file can be later used by the engineer when modeling the plate. This tool would streamline the procedure, reduce operation time, simplify the work for the surgeon, and improve the end result for the patient.
Patient-specific plates for the fixation of the most complex fractures could be manufactured in batches to use the SFF machine's full capacity. This would lower the cost to a reasonable level compared to other specially designed plates.
Conclusion
A procedure for the customisation of plates for complex fractures was proposed. It includes bone separation in a DICOM file, reduction of fracture, revision, modeling of the bone plate, confirmation, manufacturing with SFF, postprocessing, and cleaning and sterilization. This can all be done within about 17 hours, which is sufficient for cases where surgery is delayed by seven to ten days for reducing swelling in the patient. These steps are carried out with close cooperation between the engineer and the surgeon. The digital data (3D models or pictures) is available for planning the surgery. The software packages MIMICS and 3-Matic are used for the medical imaging processing, repositioning the fracture, and partly designing the plate. Ordinary CAD software (Solid Works or Rhinoceros) is used to effectively manage the final design details and changes.
Plastic models of the fractured bone were manufactured for validation of the procedure. Physical models were used in the early part of the procedure as a tool in planning the fracture reduction and to prove that the finished reduction was correctly done. The reduced bone model is also used for the test fitting of the finished titanium bone plate.
Further development of the modeling phase, the postprocessing routines, and the communication between engineer and surgeon can reduce time and cost. Further work will also address the bone plate's inherent stiffness. Bone plate systems usually have a high stiffness, which suppresses the interfragmentary motion needed for optimal secondary bone healing. For better secondary bone healing, SFF technology can be used to design plates with a lower stiffness where necessary. To optimize stiffness, the shape can be customized or different porous structures can be used in different parts of the geometry. For SFF, the shape of the part does not affect manufacturing time or cost. FE analysis can be used to create a plate whose mechanical properties are similar to those of a bone [23] [24] [25] and to customize the plate's strength and stiffness.
